Objectives To create and evaluate normalized T1rho profiles of the entire femoral cartilage in healthy subjects with threedimensional (3D) angle-and depth-dependent analysis. Methods T1rho images of the knee from 20 healthy volunteers were acquired on a 3.0-T unit. Cartilage segmentation of the entire femur was performed slice-by-slice by a boardcertified radiologist. The T1rho depth/angle-dependent profile was investigated by partitioning cartilage into superficial and deep layers, and angular segmentation in increments of 4°o ver the length of segmented cartilage. Average T1rho values were calculated with normalized T1rho profiles. Surface maps and 3D graphs were created. Results T1rho profiles have regional and depth variations, with no significant magic angle effect. Average T1rho values in the superficial layer of the femoral cartilage were higher than those in the deep layer in most locations (p<0.05). T1rho values in the deep layer of the weight-bearing portions of the medial and lateral condyles were lower than those of the corresponding non-weight-bearing portions (p<0.05). Surface maps and 3D graphs demonstrated that cartilage T1rho values were not homogeneous over the entire femur. Conclusions Normalized T1rho profiles from the entire femoral cartilage will be useful for diagnosing local or early T1rho abnormalities and osteoarthritis in clinical applications. Key Points • T1rho profiles are not homogeneous over the entire femur.
Introduction
Osteoarthritis (OA) is the most common type of arthritis and a leading cause of pain. In 2010 in the United States, it represented the 11th most common cause of disability, and was responsible for 2.7 % of all years lived with disability [1, 2] . The social cost of OA can be between 0.25 % and 0.50 % of a country's gross domestic product (GDP) [2] .
New and advanced therapeutic modalities are being developed for the treatment of OA, including new chondroprotective and chondro-regenerative drugs, mesenchymal stem cell therapy, osteochondral autograft transfer, and autologous chondrocyte implantation [3] . Therefore, it is important to detect early degenerative changes in cartilage in vivo and to understand its natural progression in order to treat OA.
New MR techniques for cartilage evaluation have recently been developed, and enable us to assess proteoglycan content, collagen content and orientation, water mobility, and regional cartilage compressibility using T2 and T1rho mapping, sodium MRI, delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), and diffusion tensor imaging [4] [5] [6] [7] [8] . Increases in T2 relaxation time of cartilage have been associated with loss of collagen matrix anisotropy, which is a result of increased permeability of the matrix in degenerated cartilage. In contrast, T1rho imaging of cartilage shows a strong correlation between T1rho values and cartilage proteoglycan content depletion, one of the earliest degenerative cartilage changes in OA [4, 9, 10] . T1rho mapping has been a more sensitive indicator for cartilage degeneration than T2 mapping, and has enabled early detection of cartilage degeneration in early OA patients before gross morphological change occurs [4, 11] .
However, what can be considered a normal range of T1rho values at specific locations of the knee is not well understood. There are also no available data about variations in T1rho measurements, especially regarding the depth and angle dependence of T1rho values over the entire femoral cartilage. This is in contrast to the well-known angle dependence that exists in T2 profiles [12] . Many reports have recently been published regarding T1rho values of healthy and damaged knee cartilage, although the methodology of segmentation and analyses varies among them (Table 1) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The number of slices utilized in knee cartilage segmentation in most reports is typically only one to several slices, and not all of the slices from the entire knee. There are also no previous publications or reference standards describing the entire femoral T1rho map profile in normal subjects, with analysis of cartilage layer variations. This paucity of data, in turn, makes the clinical diagnosis of early OA with T1rho mapping difficult to achieve. In order to successfully apply T1rho mapping in clinical use, it is important to understand the normal T1rho profiles for the entire knee cartilage.
Therefore, the purpose of this study was to create normalized T1rho profiles of the healthy entire femoral cartilage with surface maps and 3D graphs using angle-and depthdependent analysis, and to evaluate the usefulness of this approach.
Materials and methods

Subjects
We recruited 23 healthy volunteers (mean age, 28.9 years; range, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] for participation in this study. Inclusion criteria for all subjects included asymptomatic individuals between 18 and 40 years of age, with no prior history of knee injury or surgery. We excluded three subjects from the study, including one subject who had a large knee which could not fit the knee coil, and two subjects with claustrophobia. The study was approved by our institutional review board, and conformed to the tenets of the Declaration of Helsinki. Written informed consent was obtained from each subject.
MR imaging protocol
All MR studies were performed on a 3.0-T unit (Achieva, Philips Healthcare, Netherland) utilizing an 8-channel knee receive-only RF coil. Sagittal T1rho images of the knee were acquired with spoiled gradient echo (SPGR) sequences. All sagittal images were obtained without oblique angulation, parallel to the static magnetic field (B0). The acquisition parameters were as follows. SPGR: mode=3D, fat saturation method=PROSET, repetition/echo time (TR/TE) =6.4/3.4 ms, band width=475 Hz, echo train length (ETL)=64, number of excitations (NEX) = 1, field of view (FOV) = 140 × 140 mm, slice thickness/gap=3/0 mm, flip angle=10°, image matrix=512×512 mm, number of slices=31, effective inplane spatial resolution=0.27×0.27 mm, acceleration factor=2, spin-lock frequency=575 Hz, duration of spin-lock (TSL)=20/40/60/80 ms, acquisition time=4 min 09 s×4, Parallel imaging was used on all imaging sequences utilizing sensitivity encoding (SENSE) with an acceleration factor of 2. Routine knee sequences, including fast spin-echo two-dimensional (2D) fat-suppressed (FS) sagittal proton densityweighted images (PDWI), non-FS coronal PDWI, FS coronal PDWI, non-FS axial PDWI, and FS axial PDWI, were also included in the protocol. This was done to confirm the normal appearance of each knee, as well as for use in future clinical applications.
Image processing and cartilage segmentation of entire knee
Images were transferred in DICOM (Digital Imaging and Communications in Medicine) format to a personal computer (PC; Windows 7), which was used to perform all postprocessing and analyses. For possible motion between scans, T1rho series were first realigned relative to the first TSL images using rigid-body transformation before being fitted to mono-exponential function on a pixel-by-pixel basis for generation of T1rho maps: S(TSL) = S0 × exp(−TSL/T1rho), where S0 is the signal intensity when TSL=0. The cartilage of the entire femur was extracted slice-by-slice by T.N., a board-certified radiologist of the Japanese College of Radiology, with 13 years of experience and subspecialization in musculoskeletal radiology. TSL=20 was specifically chosen for segmentation because the shortest spin-lock length has the highest signal-to-noise ratio. The shortest TSL was used for segmentation of cartilage in a prior study [20] . Once cartilage was segmented by manually placing vertices along the boundary, their x and y coordinates were used in a circle-fitting algorithm by assuming a circular cartilage shape around an imaginary centre position in the subchondral bone, whose coordinates were estimated in a least squares manner, and which the user could manually place instead if necessary. Additional boundary vertices with finer spacing were then interpolated and used for computation of slope angles for the radial vectors from the centre position to each boundary vertex. For each slope angle (in 1°increments) the farthest (closest to the articular surface) and nearest (closest to the bone) boundary vertices were recorded, while the radial points between the boundary vertices were approximated by linear interpolation and recorded for subsequent depth/angle-based segmentation of cartilage. The T1rho depth/angle-dependent profile was investigated in this study by partitioning cartilage into two layers (deep, 51-100 %; superficial, 0-50 %) and angular segmentation in increments of 4°over the length of segmented cartilage (the angle 0 defined along B0) with positive/negative angles in a counterclockwise/clockwise rotation (Fig. 1) . The method of partitioning of the cartilage into two halves was described in several recent studies [33, 34] . All image processing described above was performed using in-house-developed and implemented software in MATLAB (The MathWorks, Inc., Natick, MA, USA). Bland-Altman plot-based investigation of the inter-and intra-operator agreement in manual cartilage segmentation of the same data set was carried out and published previously [35] . The measured mean difference in the size of individual angular segments and limits of agreement (95 %, expressed as±2 SD) in number of pixels were −1.4 ± 15.5 and 2.5 ± 19.4, respectively, for the inter-and intra-operator agreement, while those converted into area (mm 2 ) were −0.11± 1.16 and 0.19 ±1.45, respectively.
Normalization of entire femoral cartilage
After slice-by-slice manual segmentation of the entire femoral cartilage, it was normalized for all subjects with different knee sizes. This was performed utilizing the same method described in a prior study [36] . First, we reformatted coronal sections from sagittal images of knee 3D MRI data using the Medical Image Processing, Analysis and Visualization (MIPAV; Center for Information Technology, National Institutes of Health, Bethesda, MD, USA) software, and determined the centre of the medial femoral condyle (MC), lateral femoral condyle (LC), and femoral trochlea (T). From each of these three anatomical landmarks (MC, LC, T) new Takayama et al. [19] No detail Orthopaedic surgeon's instruction None None Souza et al. [21] No detail 4 (LFC/MFC, LT/MT) None None
Su et al. [27] No detail LFC/MFC, LT/MT 5 sublesions Superficial/deep Goto et al. [15] No detail LFC/MFC, LT/MT WB/NWB None Wang et al. [20] No detail 16 (LFC/MFC, LT/MT) Anterior/central/posterior None Tsushima et al. [22] No detail None None Superficial/deep Theologis et al. [29] No detail N/A N/A. Superficial/deep
Li et al. [26] No detail LFC/MFC, LT/MT 5 sublesions Superficial/deep Li et al. [25] No detail LT/MT, LFC/MFC Anterior/posterior and 0°, 54.7°, 90°None
Zhao et al. [30] No detail LFC/MFC, LT/MT, patella N/A None Zarins et al. [32] No detail LFC/MFC, LT/MT, patella None None Stahl et al. [17] No detail LFC/MFC, LT/MT, trochlea, patella MFC/LFC-WB/NWB None Bolbos et al. [24] No detail LFC/MFC, LT/MT MFC/LFC-WB, NWB (anterior, posterior) None MFC medial femoral condyle, MT medial tibia, LFC lateral femoral condyle, LT lateral tibia, WB weight-bearing, NWB non-weight-bearing slices of 3-mm thickness were defined (e.g., MC+3, MC+6, T−3) for all subjects. By matching these new slices and calculating their average T1rho values for each subject, we normalized the entire femoral cartilage into 23 new slices, which were calculated and obtained from the average transverse diameter (68.9 mm) of the femoral cartilage of the 20 healthy volunteers.
3D T1rho map of normalized femoral cartilage and analysis of T1 rho values
We calculated the average T1rho values of cartilage over each anatomical landmark and the entire femur on each normalized knee in both the superficial and deep layer with 4°stepwise analysis. In addition, we compared the average T1rho values at representative angles of −54°, −30°, 0°, +30°, and +54°to evaluate angle dependent change, including the magic angle effect, as described in a prior paper [36] . The weight-bearing effect was evaluated by dividing the articular cartilage into weight-bearing and non-weight-bearing portions, with definition of the angle from −30°to +30°as weight-bearing, and angles smaller than −30°or greater than 30°as non-weightbearing [37] . Finally, we created 3D graphs and surface maps of the T1rho profiles using R version 3.0.2 for Windows software (R Development Core Team, Vienna, Austria) and MATLAB. In creating 3D graphs, we used the thin-plate spline method as an interpolant [38] .
Statistical analysis
The differences in T1rho values between superficial and deep layers, and between weight-bearing and non-weight-bearing areas, were statistically analysed using the Wilcoxon signedrank test. A p value <0.05 was considered to be statistically significant. Statistical analyses were performed using R version 3.0.2 for Windows software (R Development Core Team, Vienna, Austria).
Results
Angle-and depth dependence of T1rho profiles Figure 2 shows the T1rho profiles of each layer with angledependent analysis at the medial condyle, lateral condyle, and trochlea. In the medial and lateral condyles, T1rho values were higher in the superficial layer than in the deep layer in most locations, including the weight-bearing portion. In the trochlea, T1rho values were higher in the superficial layer than the deep layer above approximately −50°, and an inverse relationship appeared below −50°, with higher T1rho values in the deep layer. Throughout each anatomical landmark (MC, LC, T), T1rho values were not constant, even within the weight-bearing portion (−30 to +30°) of the medial and lateral condyles. Angular variations among the T1rho profiles in each layer demonstrated no influence of magic angle effect. Figure 3 shows the average cartilage T1rho values in each layer at the anatomical landmarks and the entire femur. Average T1rho values in the superficial layer of the femoral articular cartilage were higher than those in the deep layer over the entire femur, medial condyle, and lateral condyle, with significant difference (p< 0.05). The difference in T1rho values between the two layers at the trochlea, however, were not statistically significant. Table 2 shows the average cartilage T1rho values of the weight-bearing and non-weight-bearing portions of the entire femur, medial femoral condyle, and lateral femoral condyle. T1rho values of the deep layer of the weight-bearing portions of the medial and lateral condyles were lower than those of the non-weight-bearing portions, with a statistically significant difference (p<0.05). In contrast, there was no significant difference in T1rho values of the superficial layer between the weight-bearing and nonweight-bearing portions. Table 3 shows the average T1rho values at representative angles. There was no influence of a magic angle effect on T1rho values, although there was angular variation in each layer. Again, T1rho values in the deep layer were lower than those in the superficial layer at all representative angles.
3D graphs and surface maps of T1rho profile Figure 4 demonstrates 3D graphs of T1rho mapping. Figure 4a is a 3D coloured map of T1rho from the whole layer of the entire femoral condyle illustrating the differences among T1rho values. The remaining graphs reveal threedimensional T1rho values in the superficial, deep, and whole layers of the entire femoral condyle, viewed by different sections (Fig. 4b-d 
of the weight-bearing portion, and were not homogeneous in each layer throughout the entire femoral condyle. There was a focal area of decreased T1rho values in the deep layers of the inferior trochlea and the anterior aspect of the lateral femoral condyle, as seen in Fig. 2b and c.
Discussion
In this study, we presented several new findings regarding the T1rho profile for the entire femoral cartilage, utilizing a depth/ angle-dependent analysis. First, our results demonstrated angle-and depth-dependent variations in the T1rho profile for each layer, with no influence of a magic angle effect. Second, we created normalized T1rho profiles of healthy femoral cartilage based on three-dimensional angle-and depthdependent analysis utilizing surface maps and 3D graphs. This analysis demonstrated that T1rho values were not homogeneous in each layer throughout the entire femoral condyle.
With respect to comparisons between weight-bearing and non-weight-bearing portions, Goto et al. reported that T1rho values in normal asymptomatic volunteers were higher in weight-bearing regions of the medial femoral cartilage than in less-weight-bearing regions. On the other hand, in the lateral femoral condyle, they found no significant difference in T1rho values between weight-bearing and less-weightbearing regions [15] . In contrast, in a study of ACL injury patients and controls, Bolbos et al. found significantly higher T1rho values within the non-weight-bearing versus weightbearing portions of the femoral condyle [24] . Thus these two studies demonstrated opposite results. In our study, T1rho values were higher in the non-weight-bearing portion than in the weight-bearing portion over the medial and lateral condyles, which supports the results of the Bolbos et al. study. This finding is more significant in the deep layer. In other words, proteoglycan content was greater and T1rho values were lower in the weight-bearing portion, especially in the deep layer. In the analysis of depth and angle dependence, it is important to note that cartilage has an organized and layered structure, divided into four zones: the superficial zone, middle zone, deep zone, and zone of calcified cartilage. Chondrocytes in the superficial zone secrete relatively little proteoglycan [39, 40] . In contrast, the deep zone contains the highest proteoglycan concentration. Proteoglycans resist compression, and generate swelling pressure due to their affinity for water. The deep zone consists of large-diameter collagen fibrils oriented perpendicular to the articular surface. This layer contains the highest proteoglycan and lowest water concentrations, and has the highest compressive modulus [41] . More resistance to various forces in knee activity is required in the weight-bearing portion. Therefore, it makes sense that cartilage in the weight-bearing portion needs more proteoglycan, which results in lower T1rho values in this region, as seen in the present study. Furthermore, we postulate that the difference in T1rho values between the two previously mentioned studies may be due to the methodology of segmentation and ROI placement. ROIs were manually drawn by Goto et al. in a portion of the cartilage within the medial and lateral condyles, and they did not utilize entire slices for femoral cartilage segmentation [15] . Our study demonstrates that T1rho values are not constant throughout the femoral condyle and trochlea, even within the weight-bearing portions (−30 to +30°) of the medial and lateral condyles. For example, there is a minimal peak of T1rho values in the deep layer at approximately −10 to −20°within the trochlea and −30°within the lateral condyle (Figs. 2b, c and 5c ). These locations correspond to cartilage of the distal trochlea and anterior to the lateral femoral notch. Yoshioka et al. reported that 3D SPGR images showed nonuniform signal intensity within articular cartilage of the knee, and signal intensity was decreased in these locations [42] . Hypointense regions of the articular cartilage are known to correspond to collagenous tissue or extracellular matrix [43, 44] , with an associated decrease in T1rho values as collagen content increases [45] . There is also evidence that several factors other than proteoglycan depletion may contribute to variations in T1rho values. These include collagen fibre orientation/concentration and the concentration of other macromolecules [6, 46] . The distal trochlea is likely non-weightbearing. Therefore, the minimal peak of cartilage T1rho in the distal trochlea seems to be mainly attributable to an increase in collagen content. In our study, cartilage T1rho values over the trochlea showed less difference between the superficial and deep layers. Those values above and below approximately −50°d emonstrated an inverse relationship. One reason for this is that the trochlea appears to be less weight-bearing, and thus less proteoglycan is necessary in the deep layer. The other reason is that T1rho values in the superficial layer of the trochlea were decreased below −50°in the area where the trochlea opposes the patella. During flexion and extension of the knee, the patella moves back and forth inside the trochlear groove. The increase in shear stress within the superficial layer of the trochlea may require more collagen, since type II collagen contributes to the shear and tensile properties of the tissue [41] . This finding may explain the decrease in T1rho of the superficial layer over the trochlea at the patellofemoral joint.
Researchers have also reported observing a magic angle effect for T1rho relaxation time in the study of human osteoarthritic cartilage specimens [25] . However, our results showed no significant magic angle effect on T1rho profiles, although there were angle-dependent variations in both superficial and deep layers and a subtle nonspecific peak in the deep layer of the medial femoral condyle between +50°and +70°. Additionally, 3D graphs and 2D surface maps failed to demonstrate an apparent peak at 54°.
We were able to compare T1rho values from throughout the entire femoral cartilage with previously reported results at specific locations [15, 17, 21, 24, 26] . Two different 3D graphs based on thin-plate spline, and two dimensional (2D) projection maps of T1rho values in normalized femoral cartilage with a colour-bar help us to visualize and understand T1rho variations within the entire femoral condylar cartilage. With a 3D graph, we are able to recognize the differences in T1rho values more stereographically. In laminar analysis, the 3D graph with all layers is more comprehensible ( Fig. 4b-d) . However, the 3D graph has the disadvantage of overestimating or underestimating T1rho values because of the effect of interpolation [47] . A 2D surface map in this study showed two-dimensional projection of T1rho values, which will enable easier comparison of normalized volunteer data with patient data in clinical applications. We were able to analyse T1rho values three-dimensionally across the entire femoral condyle utilizing 3D graphs and surface maps from various points of view, including angle, layer, slice, and anatomic landmark. These improve upon previously reported 2D analyses with several slices from the knee. We believe that 3D graph and surface map analysis of the entire femoral condyle is one of the most promising tools for cartilage T1rho analysis. This method can also be easily applied to T2 map analysis.
From a clinical perspective, it is important to understand that T1rho values have angle/depth-dependent variations among the various anatomical landmarks. In this study, these appeared to be influenced by water, collagen, and proteoglycan content in various locations and to various degrees, with little influence of collagen orientation. Therefore, detailed T1rho profiles of the standardized entire normal femoral cartilage could serve as a baseline for investigating pathological conditions of knee cartilage. These findings may be particularly helpful for the accurate diagnosis of early cartilage degeneration, i.e. early OA, and within a specific location and depth within the cartilage.
Our study has several limitations. First, the study sample was small. According to a power analysis based on a twosample t test model of equal allocation and variance, and using previously published data [32] , the sample size (n = 20) yielded 75 % power at a significance level of 0.05 (alpha= 0.05). In the future, we will need T1rho data from normalized entire knee cartilage for much larger samples in order to improve accuracy. Second, the superficial and deep layers we analysed do not correlate with the four physiologic zones of articular cartilage [41] . It is an inevitable technical limitation that the spatial resolution is not sufficient to distinguish four physiologic layers. Third, there is limitation in normalizing the entire femoral cartilage. A measurement error will become larger as the distance from the each landmark becomes greater, because the size of femoral cartilage is different among subjects. To fix this problem, we need to analyse larger samples, which will reduce the measurement error in normalization for future studies. Fourth, we must consider rotation effects in the longitudinal/transverse axis of subjects. Because each knee of the subject is placed in a slightly flexed and rotated position in the coil, obtained sagittal images were not completely matched in longitudinal/transverse axis. However, since sagittal images were obtained without oblique angulation, parallel to the B0, we believe we have minimized the difference of rotation effects, especially for the magic angle effect. Fifth, it was outside the scope of our study to assess the effect of varus/ valgus malalignment and deviation of the leg axis. Varus and valgus knee malalignment influences the distribution of load at the knee joint and has been shown to be a possible factor for OA [48] . Finally, it was time-consuming to extract the entire femoral cartilage data by manual segmentation and analyse T1rho values with 3D graphs and surface maps. Therefore, it is clinically and practically difficult to process knee samples from a large number of patients using our manual method. Further technical development of auto-segmentation and auto-3D analysis is needed in order to efficiently apply this form of analysis to patient data in clinical practice.
In conclusion, T1rho values of the femoral cartilage demonstrate regional and depth variation, with lower T1rho values in the deep layer and no significant magic angle effect. T1rho values across the entire femoral condyle can be analysed three-dimensionally by utilizing 3D graphs and surface maps using different display parameters. It is important to understand the normal T1rho variations that occur throughout the entire knee cartilage in order to detect early T1rho abnormalities and early OA in clinical applications.
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